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EphB2 Guides Axons at the Midline and Is
Necessary for Normal Vestibular Function
the brainstem, while the inner ear efferents (IEEs) arise
from neurons located near the floor plate in rhombomere
4 (r4). Although their exact function is not clear, the IEEs
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are thought to modulate sensory input from the ear.*Center for Developmental Biology and
A major focus of developmental neurobiology is toKent Waldrep Foundation Center
understand the molecular signals that help wire the ner-for Basic Neuroscience Research
vous system. The neural network is first establishedUniversity of Texas
during embryonic development as each neuron formsSouthwestern Medical Center
its unique and appropriate contacts by extending a thinDallas, Texas 75235
wire-like axon, which may travel great distances to reach²Neuroscience Program
its final target. Axons are thought to be pushed andOberlin College
pulled along their way by an array of chemical cues thatOberlin, Ohio 44074
cause the leading tip, the growth cone, to be repelled³Department of Biomedical Sciences
or attracted to the source of the signal (Tessier-LavigneCreighton University
and Goodman, 1996; Varela-Echavarria and Guthrie,Omaha, Nebraska 68178
1997). Growth cones express a variety of different recep-
tors that can selectively bind to axon guidance cues laid
out along their path. Some cues stimulate their receptorSummary
to promote the attraction of axons, while others appear
to inhibit or repel growth cones.Mice lacking the EphB2 receptor tyrosine kinase dis-
One group of molecules that control contact-medi-play a cell-autonomous, strain-specific circling behav-
ated axon repulsion are the Eph family of receptor tyro-ior that is associated with vestibular phenotypes. In
sine kinases and their membrane-anchored ephrin li-mutant embryos, the contralateral inner ear efferent
gands (Eph Nomenclature Committee, 1997). This largegrowth cones exhibit inappropriate pathway selection
family of receptors is divided into two subclasses. Inat the midline, while in mutant adults, the endolymph-
general, EphA receptors bind to the five known GPI-filled lumen of the semicircular canals is severely re-
linked A-ephrins, while EphB receptors interact withduced. EphB2 is expressed in the endolymph-produc-
three transmembrane B-ephrins. A number of studiesing dark cells in the inner ear epithelium, and these
demonstrate the importance of ephrins and Eph recep-cells show ultrastructural defects in the mutants. A
tors in guidance and fasciculation of axons, boundarymolecular link to fluid regulation is provided by demon-
formation in the brain, migration of neural crest cells, andstrating that PDZ domain±containing proteins that
vascular development (Flanagan and Vanderhaeghen,bind the C termini of EphB2 and B-ephrins can also
1998; FriseÂ n et al., 1999).recognize the cytoplasmic tails of anion exchangers
EphB receptors and B-ephrins activate bidirectionaland aquaporins. This suggests EphB2 may regulate
signaling cascades that are transduced into both recep-ionic homeostasis and endolymph fluid production
tor-expressing and ligand-expressing cells. Evidencethrough macromolecular associations with membrane
for bidirectional signaling was first obtained in studies
channels that transport chloride, bicarbonate, and
of EphB2 (Nuk) mutant mice (Henkemeyer et al., 1996).
water. A protein-null mutation (EphB2D) resulted in pathfinding
errors in axons forming the anterior commissure. How-Introduction
ever, a second mutation (EphB2lacZ) that produces a
membrane-bound EphB2-b-galactosidase (bgal) fusion
The vestibular system is essential for balance and coor- receptor lacking the tyrosine kinase domain did not lead
dinated movement. One of the earliest of the special to these pathfinding defects. Moreover, axons forming
sense structures to arise in evolution, the vestibular ap- the anterior commissure do not express EphB2 but
paratus is responsible for the input of information relat- rather express B-ephrins. The receptor itself is ex-
ing to the position of the head in space, the pull of pressed in the ventral forebrain and defines a boundary
gravity, and acceleration. One key component of the that the axons avoid on their way to the contralateral
vestibular system is the inner ear, which is responsible side. This indicated that the EphB2 extracellular domain
for the conversion of mechanical energy to electrochem- functions in a non-cell-autonomous fashion to provide
ical stimuli. This is accomplished by the flow of endo- a repulsive guidance cue and that B-ephrins are the true
lymph fluid over the patches of sensory hair cells found receptors that transduce a ªreverseº signal into the ax-
within the semicircular canals, the utricle, and the sac- ons. All B-ephrins have a short conserved cytoplasmic
cule. Equally important for vestibular function are the C-terminal tail that becomes phosphorylated on tyrosine
afferent and efferent nerves that connect the inner ear residues following exposure of ephrin-expressing cells
hair cells with the hindbrain. The sensory afferents arise with the EphB2 extracellular domain (Holland et al.,
from the vestibulo-acoustic VIII ganglion located outside 1996; Bruckner et al., 1997). Furthermore, coculturing
EphB2 receptor±expressing cells with B-ephrin-express-
ing cells leads to tyrosine phosphorylation of both mole-§ To whom correspondence should be addressed (e-mail: henk@
utsw.swmed.edu). cules. Taken together, these studies indicate that EphB2
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performed to determine whether the related EphB3 re-Table 1. Circling in EphB2D Homozygotes
ceptor is also important for vestibular function in the
Background B2/B2 B2/1 1/1 CD1 mouse. This analysis showed that while none of
129 26 (0) 98 (0) 52 (0) the EphB3 single homozygotes circled, 100% of the
B6 18 (0) 45 (0) 19 (0) EphB2D 1 EphB3 compound homozygotes that survived
CD1 31 (19) 109 (1) 48 (0) to adulthood did (Table 2). Of the small number of 129
compound homozygotes obtained that survived toB2D/1 heterozygote males and females of the indicated background
strain were intercrossed, and the offspring were scored for circling. adulthood, none circled (Table 2). These data indicate
The total number of adult mice scored for each genotype class and that there are strain-specific differences between the
background is shown, with the number that circled in parentheses. CD1 and 129 mice that can modify the phenotypes asso-
ciated with EphB mutations.
and B-ephrins activate bidirectional signal transduction Circling and the EphB2 Cytoplasmic Domain
cascades involving phosphotyrosine interactions and To determine if a ªforwardº cell-autonomous activity of
that each of these molecules behaves as both a receptor EphB2 is important in the vestibular system, adult CD1
and a ligand. mice homozygous for the EphB2lacZ allele were scored
We show here that EphB2 is required in the vestibular for circling. Since this mutation results in the expression
system. These functions were first realized by finding of a truncated EphB2 receptor retaining its extracellular
that adult mice mutant for EphB2 exhibit a hyperactive and transmembrane domains but lacking its tyrosine
circling locomotion. Analysis of mutant embryos re- kinase domain and C-terminal tail, it allows us to deter-
vealed midline defects in the pathfinding of a unique mine the autonomy of the signal it sends/transduces.
group of commissural axons that innervate the ear, while We found that 91% of the CD1 EphB2lacZ 1 EphB3 adult
in adults the ducts of the semicircular canals are col- compound homozygotes circled (Table 2). This provides
lapsed, apparently due to defects in endolymph fluid strong evidence that the cytoplasmic domain of EphB2
production. Genetic data suggest the cytoplasmic do- is required for normal functioning of the vestibular
main of EphB2 is required for both axon guidance and system.
endolymph production. Consistent with a cell-autono-
mous role in fluid regulation, PDZ domain±containing Expression of EphB2 in the Embryonic
proteins that bind the C-terminal tail of EphB2 are shown Vestibulo-Acoustic System
to also recognize the C termini of certain anion ex- and Hindbrain
changers and aquaporins. Colocalization studies and As early as embryonic day 11.5 (E11.5), EphB2 is local-
biochemical analysis further demonstrate that a protein ized to pioneer axon fibers of the vestibulo-acoustic VIII
complex containing EphB2 and Aquaporin-1 is formed ganglion sensory neurons (Henkemeyer et al., 1994). To
in vivo. extend this analysis, EphB2lacZ embryos were stained for
EphB2-bgal activity, as this fusion protein mimics with
high resolution the normal localization of the wild-typeResults
receptor (Henkemeyer et al., 1996). With this method,
intense EphB2 expression could be detected in axonsEphB Mutant Mice Exhibit Vestibular Dysfunction
Our initial studies of the EphB2D, EphB2lacZ, and EphB3 of the VIII ganglion throughout development (Figure 1).
In addition, EphB2 was found in nonsensory structures(Sek4) mutations were performed with mice of the 129
inbred strain or in 129 3 CD1 and 129 3 C57BL/6J (B6) of the ear, most notably in epithelial cells immediately
adjacent to the sensory epithelium in the semicircularhybrids (Henkemeyer et al., 1996; Orioli et al., 1996).
Through multiple backcrosses, these mutations were canals and utricle (Figures 1C, 1E, and 1G), and the stria
vascularis of the cochlea (Figures 1F and 1H).moved into the CD1 and B6 backgrounds. Quite unex-
pectedly, we found that 61% of the CD1 EphB2D single In whole-mount open-book preparations of the em-
bryonic hindbrain, EphB2-bgal was detected in the ax-homozygote adult mice exhibited a circling behavior
that was not observed in either the 129 or B6 back- ons of the IEE and facial (VII) motor neurons (Figure 2A).
The IEEs are very unusual as they can send axonalgrounds (Table 1). In addition, the afflicted CD1 mutants
were hyperactive, exhibited rapid head bobbing and projections to either the ipsilateral ear, the contralateral
ear, or into both ears (Highstein, 1991; Fritzsch and Nich-twirled excessively when picked up by the tail. These
classic waltzer phenotypes are all signs of abnormal ols, 1993; Simon and Lumsden, 1993; Fritzsch, 1996).
Double labeling with the axon-tracing agent BDA andvestibular function (Deol, 1966). Further crosses were
Table 2. Circling in EphB2 1 EphB3 Compound Mutants
EphB2 Mutation Background B2/B2; B3/B3 B2/1; B3/B3 1/1; B3/B3
EphB2D CD1 35 (35) 123 (5) 78 (0)
EphB2D 129 7 (0) 171 (0) 118 (0)
EphB2lacZ CD1 33 (30) 315 (8) 187 (0)
B2/1; B3/B3 males and females were intercrossed and the offspring were scored for circling. The total number of adult mice scored for each
genotype class and background is shown with the number that circled in parentheses. The particular B2 mutation used is indicated. Note
that 45% (35/78) of the expected CD1 B2D/B2D; B3/B3 progeny class survive to adults, while only 6% (7/118) of the corresponding 129 B2D/
B2D; B3/B3 compound mutants did. Eighteen percent (33/187) of the expected CD1 B2lacZ/B2lacZ; B3/B3 animals survived to adults.
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Figure 1. EphB2 Expression in the Vestibulo-
Acoustic Ganglion and Ear
(A) Whole-mount of an E12.5 day EphB2lacZ/1
embryo reacted for EphB2-bgal activity (blue
color) shows strong staining of the vestibulo-
acoustic VIII ganglion, including the axons ex-
tending toward the posterior vertical canal
(pvc). Axons of the facial (VII) nerve are also
stained. Rostral (anterior) is right and dorsal
is up.
(B) Whole-mount of an E11.5 day wild-type
embryo immunoreacted with anti-EphB2 an-
tibodies also labeled the vestibulo-acoustic
ganglion and the VII nerve. At this stage of
development, the endolymphatic duct (ed) is
positive for EphB2. Orientation is the same
as in (A).
(C±H) Coronal sections of the ear reacted for
EphB2-bgal activity at E14.5 (C±E) and neo-
natal (F±H) stages. The horizontal canal (hc),
saccule (s), utricle (u), and vestibular ganglion
(vg) express EphB2. Note that the staining in
the vestibular apparatus is restricted to the
nonsensory epithelial cells adjacent to the
sensory epithelia in the crista of the semicir-
cular canals and the macula (mac) of the utri-
cle. Expression in the cochlea is detected in
the spiral ganglion (sg) and stria vascularis
(sv). The axons of the spiral ganglion ex-
tending into the organ of Corti (c) were also
positive for EphB2 (arrowhead in H).
Scale bar for (A), (C), (D), (E), (G), and (H), 100
mm; (B), 150 mm; (F), 200 mm.
for the distribution of EphB2-bgal staining showed an Normal Growth of Afferent Projections into the Ear
in EphB Receptor Mutantsoverlap of both labels (Figure 2B), confirming the axonal
localization of EphB2. In addition, there is strong expres- Axon tracing with the fluorescent lipophilic agent DiI
was used to examine the fidelity of the VIII ganglionsion of EphB2 in the floor plate marking the ventral
midline. sensory connections. These experiments showed that
the afferents reached all sensory epithelia in control
and mutant ears by E12.5 (data not shown). Thus, theOther Eph Receptors and B-Ephrins Are Expressed
absence of EphB2 and EphB3 does not lead to a majorin the Hindbrain
disruption in the organization of these sensory projec-Like EphB2, EphB1, EphB6, and EphA4 receptors were
tions.found to be expressed in r4 in the region where the IEE
neurons are located (Figures 3). EphB1 was particularly
strong in the cell bodies, while EphA4 labeled both ax- Delayed Growth of Efferent Projections into the Ear
in EphB Receptor Mutantsons and cell bodies. EphB1 and EphA4 were also de-
tected along the ventral midline. The distribution of To visualize the ipsilateral IEE projections, DiI was
placed into the hindbrain to anterogradely label the ef-ephrin-B1 is very similar, being found both in the floor
plate and in axons, including some crossing the midline ferent fibers that extend into the ear. At E13.5, the growth
of efferents into both the ipsilateral and contralateral(Figure 3E). In contrast, ephrin-B2 (Figure 3F) and ephrin-
B3 (Gale et al., 1996; Bergemann et al., 1998) are ex- ears was obviously delayed in the mutants (Figure 4).
In both EphB2D and EphB2lacZ mutants, the growth conespressed only in the midline.
Neuron
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the neural tube on the side opposite to the injected
ear (arrowheads in Figures 5A and 5C). Moreover,
the commissural axons that connect these neurons to
the contralateral ear are clearly labeled as they cross the
midline in the ventral floor of r4. Tracing of EphB2 single
homozygotes and EphB2 1 EphB3 compound homozy-
gotes at E12.5 revealed an absence or severe reduction
in labeled commissures and contralateral cell bodies in
r4 (Figure 5B). By E13.5, some commissures and contra-
lateral cell bodies could be observed in the mutants
(Figures 5D and 5E); however, the labeling was greatly
reduced. This analysis also revealed a specific naviga-
tion error in some contralaterally projecting axons.
Rather than directly crossing the floor plate to head
toward the contralateral ear, a number of axons in the
mutants were observed to have taken a wrong turn and
extended caudally down the midline of the hindbrain,
often reaching as far as r7 (Figures 5F±5H). Axons exhib-
iting abnormal caudal extensions were observed in most
EphB2D and EphB2lacZ single homozygotes and in all
EphB2 1 EphB3 compound homozygotes analyzed.
Axon tracing of IEEs at E14.5 and later stages revealed
a fairly normal number of crossed and uncrossed fibers
in the mutants (data not shown). Furthermore, if present
at all, the caudal extensions along the floor plate con-
sisted of single individual axons rather than the bundles
observed at E13.5. Thus, in the absence of EphB2 and
EphB3, both ipsilateral and contralateral projections of
IEEs show a temporary difficulty in reaching their tar-
gets, resulting in the formation of ectopic caudal exten-
Figure 2. EphB2 Expression in the Embryonic Hindbrain and IEEs
sions at the midline and a 1±2 day delay in their arrival
Dorsal views of whole-mount open-book preparations at E12.5 that at the ear end organs.
were either stained for EphB2-bgal activity alone (A) or in combina-
tion with in vivo tracing of cranial axons with BDA (B). Rostral is up.
Abnormal Semicircular Canals in EphB(A) EphB2 is expressed at high levels in the axons of the facial motor
Mutant Miceneurons (FMNs) that translocate along the floor plate in r4, r5, and
r6. Overlapping with these axons, EphB2 is also detected in small As the IEE axons ultimately appear to reach their targets,
bundles of IEE axons (arrows). Note that the IEEs bypass the VII the pathfinding errors described above are most likely
nerve exit root of the facial motor neurons (circles). Strong expres- not the primary cause of the circling behavior observed
sion of EphB2 is also detected along the ventral midline in the floor
in the mutants. Upon dissection of the inner ear, weplate (FP).
found that the semicircular canals appeared much thin-(B) Prior to EphB2-bgal staining, the axonal tracer BDA was applied
ner in the circling mice. Histological analysis of the semi-to the left side to label the trigeminal (V), facial (VII), vestibulo-
acoustic (VIII), and IEE fibers. The darkly stained regions on the left circular ducts confirmed a reduced cross-sectional di-
side identify the various ipsilateral afferent and efferent populations ameter of the bony canals in mutant adults (Figure 6).
that were traced. The IEEs on the left side are marked by white More significantly, the endolymph-filled lumen of the
arrows, and the VII nerve exit points are circled. The contralateral semicircular canals was greatly reduced in the mutants.
IEE fibers are weakly labeled by the BDA as they cross the midline
A drastic reduction in the cross section diameters of thein r4 (asterisk) and extend past the VII root exit point (black arrow)
semicircular canals was observed in all adult EphB2D 1to converge at a distinct exit point (arrowhead).
EphB3 (N 5 7) and EphB2lacZ 1 EphB3 (N 5 3) com-Scale bar, 200 mm.
pound homozygotes analyzed, while all of the corre-
sponding heterozygous littermates appeared normal
had not yet reached deep into the sensory epithelia of (N 5 8). The cross-sectional area of the anterior vertical
the semicircular canals, and there was abnormal paus- canal (AVC) from six compound homozygous ears and
ing of axons destined for the saccule and utricle. six control ears was determined (Table 3). This showed
that the average area of the bony canal was reduced
Abnormal Midline Navigation of Contralateral 5-fold in the mutants, while the endolymph-filled region
IEE Growth Cones in EphB Mutants was reduced 53-fold. This defect in the inner ear was
The delayed growth of IEE fibers into the contralateral readily apparent 7 days after birth (P7) as all compound
ear (Figure 4D) led us to investigate whether their growth homozygotes analyzed (N 5 5) had deflated semicircular
cones have difficulties traversing the midline. To accom- canals compared to the heterozygous littermates (N 5
plish this, DiI was placed into one of the two ears and 3; data not shown). As a collapsed lumen would signifi-
allowed to retrograde trace the fibers and their neuronal cantly reduce the flow of endolymph through the canals,
cell bodies located near the floor plate in r4. In controls, we suspect that the circling observed in mutant mice is
IEEs that send an axon to the contralateral ear are easily due to a severe decrease in the stimulation of vestibular
hair cells.identified as the only retrogradely labeled cell bodies in
EphB2 Associates with Aquaporin Water Channels
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Figure 3. Expression of Other Eph Receptors
and B-Ephrins in the Hindbrain
Serial transverse sections of an E12.5 day
hindbrain at the level of r4 were subjected to
immunohistochemical analysis with affinity-
purified antibodies raised against specific
Eph receptors and B-ephrins.
(A) Anti-EphB1 antibodies darkly labeled cells
in the region where facial and inner ear effer-
ent neurons are located (circled area). The
floor plate (FP) was also positive for EphB1.
(B) Anti-EphB4 antibodies showed light stain-
ing in sections of the hindbrain.
(C) Anti-EphB6 antibodies labeled a small
number of cells in the same region of the
hindbrain as EphB1.
(D) Anti-EphA4 antibodies strongly labeled
the hindbrain and floor plate, including axons
crossing the midline.
(E) Anti-ephrin-B1 antibodies preferentially
labeled the floor plate and axons in the hind-
brain.
(F) Anti-ephrin-B2 antibodies specifically la-
beled the midline, including the floor plate
and the ependymal layer (asterisk). Staining
for ephrin-B2 was noticeably absent in other
regions of the hindbrain.
Scale bar, 100 mm.
EphB2 in the Endolymph-Producing Dark Cells tissue. In the mutants, the basolateral infoldings were
much less organized and there were signs of extracellu-The vestibular apparatus of EphB2lacZ animals was iso-
lated and stained for EphB2-bgal activity. As viewed in lar edema as judged by the swelling and excess space
between the membranes.whole-mounts (Figures 7A and 7B) and sections (Figures
7C and 7D), intense expression of EphB2 was restricted
to sheets of dark cells, which are nonsensory epithelial PDZ Domain Proteins Bind EphB2 and Other
Transmembrane Proteins Involvedcells that lie adjacent to the sensory structures in the
utricle and in the ampullae at the ends of each of the in Endolymph Production
and Ionic Homeostasissemicircular canals. Expression of ephrin-B2 was also
documented in the adult inner ear by using a lacZ- Endolymph fluid has a unique ionic composition, being
high in potassium and low in sodium. In the vestibulartagged mutation in the ephrin-B2 gene. This revealed
that ephrin-B2 was also restricted to the nonsensory system, dark cells are thought to generate this gradient
by the active transport of potassium ions from the peri-vestibular epithelium, being detected in the supporting
cells that surround the hair cells and in the transitional lymph to the endolymph using Na/K-ATPases (Wange-
mann, 1995; Ferrary and Sterkers, 1998). A number ofcells that form a border separating the dark cells from
the hair cells (Figures 7E to 7H). Thus, EphB2 and ephrin- other membrane-associated molecules are also thought
to have roles in generating and maintaining ionic homeo-B2 are expressed in adjacent complementary regions
of the nonsensory vestibular epithelium. stasis in the endolymph. These include other classes of
ATPase pumps (Stankovic et al., 1997; Penniston andThe restricted expression of EphB2 to vestibular dark
cells led us to examine whether these cells exhibited Enyedi, 1998), ion channels and exchangers (Vetter et
al., 1996; Wangemann et al., 1996; Orlowski and Grin-any ultrastructural abnormalities in the mutants (Figures
7I and 7J). In controls, the infoldings of the basolateral stein, 1997; Stankovic et al., 1997; Casey and Reith-
meier, 1998), and water channels (Deen and van Os,membranes appear as closely spaced rows that form
tight junctions with each other and make contact with 1998; Borgnia et al., 1999). In addition to possible roles in
endolymph production, these molecules have importantthe basement membrane of the underlying connective
Neuron
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Figure 4. Delayed Growth of Efferents into
the Ear in EphB2 Mutant Embryos
(A and B) The outgrowth of efferents to the
ipsilateral ear was revealed by placing DiI into
the ventral hindbrain and allowing it to antero-
gradely trace axons projecting to the ear.
Shown are whole-mounted ears at E13.5.
Dorsal is up and rostral is to the left. (A) A
massive outgrowth of ipsilateral efferents is
observed in the EphB2lacZ/1 heterozygote. Fi-
bers can be observed extending deep into
the sensory structures of the cochlea, the
utricle (u), the horizontal canal (hc), the ante-
rior vertical canal (avc), and the posterior ver-
tical canal (pvc). The facial (VII) nerve is also
traced following application of DiI to the ven-
tral hindbrain.
(B) Ipsilateral IEE outgrowth is significantly
delayed in the mutants as shown for a close-
up of the avc, hc, and utricle in an EphB2lacZ/
EphB2lacZ homozygote. The utricle shows a
particularly striking delay in arrival of the ipsi-
lateral IEEs.
(C and D) The outgrowth of bilateral efferents
was revealed by placing DiI into one ear of
E14.5 day embryos and allowing it to trace
neurons that had connections with the con-
tralateral ear. As viewed from the contralat-
eral ear, tracing is robust in the heterozygote
littermate (C) but diminished in an EphB2lacZ/
EphB2lacZ homozygote (D). EphB2 genotypes
are indicated.
Scale bar for (A), (C), and (D), 200 mm; (B),
50 mm.
functions in secretory and absorptive epithelia in the of 16 selected molecules would exhibit protein±protein
interactions with Pick-1 and Syntenin. The C-terminalkidneys and other organs, and they are generally
thought to be key regulators of cell volume, pH, and 18 amino acids of each molecule tested was coex-
pressed in yeast with Pick-1 or Syntenin, and cells wereionic homeostasis.
Given the role of dark cells in endolymph production screened for growth on selective media to identify those
capable of interacting (Figure 8A). The wild-type EphB2and that EphB2 expression appears to be crucial for dark
cell function, we searched for a molecular connection C-terminal tail served as the positive control for Pick-1
binding, while a mutant EphB2 tail deleted for the C-ter-between this receptor and proteins involved in ionic
regulation. We have identified in a yeast two-hybrid minal valine residue essential for PDZ binding served
as the negative control. A number of the peptidesscreen the PDZ domain±containing proteins Pick-1 and
Syntenin (Mda-9) as being able to bind with high affinity screened exhibited strong interactions with Pick-1. An
intense interaction was observed between Pick-1 andto the cytoplasmic C-terminal tails of the three known
B-ephrins (C. A. C. and M. H., unpublished data). In the AQP9, which was much stronger than that observed
with the EphB2 tail. AQP2 and, to a lesser extent, AQP1course of these studies, other groups have reported
interactions of Eph receptors and B-ephrins with PDZ were also positive for Pick-1 binding. None of the aqua-
porins exhibited an interaction with Syntenin. However,domain proteins, including Pick-1 and Syntenin (Hock
et al., 1998; Torres et al., 1998; Bruckner et al., 1999; AE2 did interact equally well with both Pick-1 and Syn-
tenin. In addition, Pick-1 also exhibited very strong bind-Lin et al., 1999). Pick-1 is a widely expressed adaptor
protein composed of a single N-terminal PDZ domain ing to AE1.
Biochemical studies with mammalian cells were car-and a C-terminal homo-oligomerization domain that re-
sults in the clustering of Pick-1 molecules (Staudinger ried out to further characterize the potential interactions
of AQP1 with Pick-1 and EphB2. Rather than attemptinget al., 1995, 1997). Syntenin is another widely expressed
adaptor protein composed of two PDZ domains (Lin et to obtain sufficient amounts of protein lysate from the
epithelial cells that line the bony ear, these experimentsal., 1996; Grootjans et al., 1997). In addition to binding
the cytoplasmic tails of B-ephrins, Pick-1 but not Syn- were performed using extracts of adult mouse kidneys,
as they also express AQP1 (Nielsen and Agre, 1995;tenin also binds to the EphB2 C terminus (see below;
Torres et al., 1998). Denker et al., 1988) and EphB2 (see below). GST pull-
down assays were first carried out in order to determineWe noticed that the C-terminal amino acid sequences
of a number of membrane proteins involved in ionic whether native AQP1 in the kidney can be recognized by
the Pick-1 PDZ domain. Following incubation of kidneyregulation may form potential binding sites for PDZ do-
mains. Particularly promising candidates include a num- lysates with either GST or GST-Pick-1-PDZ domain,
bound proteins were washed extensively and then im-ber of cation exchangers, anion exchangers (AE), and
a subset of the aquaporin (AQP) family of water chan- munoblotted with anti-AQP1 antibodies (Figure 8B).
These experiments resulted in the detection of AQP1nels. We directly tested whether any of the C termini
EphB2 Associates with Aquaporin Water Channels
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Figure 5. Delayed Crossing and Midline Path-
finding Errors in Contralaterally Projecting
IEEs
(A and B) Dorsal views of whole-mount E12.5
day hindbrains that were labeled by placing
DiI in the left ear and VII nerve and then
viewed open-book under fluorescent condi-
tions to identify retrograde-traced IEE and fa-
cial (VII) axons and their neuronal cell bodies.
Rostral is up and the approximate location of
rhombomere boundaries are indicated. The
ventral midline/floor plate (FP) is outlined with
white dashed lines.
(A) An EphB2D/1 heterozygote exhibited the
normal pattern of IEE commissure fibers that
cross the midline and label a group of contra-
lateral cell bodies on the side of the neural
tube opposite to where the DiI was applied
(arrowhead). Note that the labeled commis-
sure fibers and contralateral cell bodies are
localized specifically to r4.
(B) A traced EphB2D/EphB2D homozygote lit-
termate showed few, if any, labeled commis-
sures and contralateral cell bodies. In (A) DiI
labeling of fibers extending toward the right
ear can also be detected (arrow) and is due
to the portion of IEEs that project bilaterally
into both ears. During the flat-mounting, there
may be some breakage of tissue such that
the labeled contralateral IEE cell bodies may
separate into a rostral (single arrowhead) and
caudal (double arrowheads) component.
(C±H) Dorsal views of whole-mount E13.5 day
hindbrains that were labeled as in (A) and (B)
above.
(C) An EphB2lacZ/1; EphB3/EphB3 embryo ex-
hibited the normal pattern of IEE commissure
fibers that cross the midline and label a group
of cell bodies on the side of the neural tube opposite to where the DiI was applied (arrowhead). Note that the intensity of labeled contralateral
IEE cell bodies is equal to that observed for the ipsilateral cell bodies. DiI labeling of fibers extending toward the right ear can also be detected
(arrow) and is due to the portion of inner ear efferents that project bilaterally into both ears.
(D and E) EphB2lacZ/EphB2lacZ; EphB3/EphB3 compound homozygotes exhibited a significant reduction in labeled commissure fibers and
contralateral cell bodies (arrowheads), even when greater amounts of DiI were applied (compare the intensity of label on the ipsilateral sides
to [C]). In both of these mutants, DiI-labeled axons can be observed to have turned at the midline and extended caudally (arrows).
(F±H) High magnification photographs of three other EphB2lacZ/EphB2lacZ; EphB3/EphB3 compound homozygotes showing examples of DiI-
labeled contralateral IEE axons that have inappropriately extended in a caudal direction down the midline of the hindbrain.
(F) A large bundle of axons can be observed to have extended longitudinally into r5.
(G) Two axons are traced that have extended at least as far as r7. The growth cone of one of these axons appears to have split into two
branches.
(H) Caudally extending axons show complex branching patterns in the floor plate. EphB2 genotypes are indicated.
Scale bar for (A±E), 200 mm; (F), 100 mm; (G), 50 mm; (H), 25 mm.
protein only in the mixes with the GST-Pick-1-PDZ do- are not available, so it has been difficult to confirm the
presence of this PDZ domain protein in the EphB2 im-main, with both glycosylated and nonglycosylated forms
of AQP1 being recognized. munoprecipitates. As an alternative approach, we at-
tempted to compete away the ability of AQP1 to copurifyAs Pick-1 is known to homo-oligomerize through its
C-terminal tail, coimmunoprecipitation experiments were with EphB2 by adding increasing amounts of a bacterial-
expressed Pick-1 PDZ domain to the immunoprecipita-performed to see if a macromolecular complex con-
taining both EphB2 and AQP1 can be detected. Anti- tions. In these experiments, addition of the PDZ domain
resulted in a concentration-dependent reduction in theEphB2 antibodies were used to immunoprecipitate this
receptor from wild-type and EphB2 mutant kidneys. Fol- ability of AQP1 to be precipitated by the anti-EphB2
antibodies (data not shown). The ability to disrupt thislowing stringent washing, the immune complexes were
then immunoblotted with anti-AQP1 antibodies. This re- complex with excess-free PDZ domain provides addi-
tional evidence for the idea that EphB2 and AQP1 aresulted in a very strong AQP1 signal that was detected
only from wild-type kidneys (Figure 8C). AQP1 was not bridged by PDZ domain±mediated interactions.
If EphB2 and AQP1 do form a multiprotein complex,precipitated from the EphB2 mutant kidneys. The use
of EphB2 mutant kidneys for the control in these experi- it would be expected that they are coexpressed in the
same cells. We therefore investigated the expressionments provides conclusive evidence that EphB2 and
AQP1 can form a stable macromolecular complex, pre- patterns of EphB2 and AQP1 in cryostat sections of
adult kidneys using immunofluorescence (Figure 9).sumably through the ability of Pick-1 to homo-oligo-
merize. Unfortunately, antibodies that recognize Pick-1 These experiments determined that both EphB2 and
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Figure 6. Abnormal Semicircular Canals in
EphB Mutant Mice
(A and B) Cross sections bisecting the ante-
rior vertical canal (AVC) in a noncircling
EphB2D/1; EphB3/EphB3 control mouse (A)
and a circling EphB2D/EphB2D; EphB3/EphB3
compound homozygote (B) at 6 months.
(C and D) Cross sections bisecting the hori-
zontal canal (HC) in control (C) and mutant
(D) ears. The cross section diameters of the
bony canals, especially the AVC, are reduced
in the mutants. The endolymph-filled mem-
branous ducts are also severely reduced in
the mutants as shown for the AVC (arrowhead
in [B]) and HC (asterisk in [D]). EphB2 geno-
types are indicated.
Scale bar, 50 mm.
AQP1 colocalize in the nephron to the cells of the proxi- inner ear. The concept that Eph-ephrin signals may mod-
ulate proteins that control ionic homeostasis is novelmal tubules.
and adds to the growing list of diverse roles being un-
covered for these molecules in development and in adult
Discussion life.
The molecular signals that guide axons across the mid- EphB2 Modifiers
line are just beginning to be unraveled. In this report, Only the CD1 EphB2 mutants circle and show defects
we describe genetic experiments in developing mouse in the semicircular canals and vestibular dark cells. The
embryos that show EphB receptors play an important same mutations did not cause circling if mice were of
role in guiding a specific class of commissure axons the 129 or B6 backgrounds. Why does the genetic back-
across the midline, those of the IEE neurons. We further ground strain of the mouse influence the phenotype
describe abnormal vestibular function in adult mice lack- observed for the EphB2 mutations? In many different
ing EphB2 and that this is associated with ultrastructural genetic systems, the background has been shown to
defects in the dark cells that normally express EphB2 influence the resulting phenotype observed for some
and are responsible for the production of endolymph mutations, including other receptor tyrosine kinases in
fluid. In a molecular connection to fluid regulation, we the mouse (Sibilia and Wagner, 1995; Threadgill et al.,
find that PDZ domain±containing proteins can bind to 1995). One possible explanation for such background
the C-terminal tails of EphB2 and a number of other effects is that there are one or more modifier genes that
membrane proteins involved in regulating ionic homeo- have allelic differences between strains. We theorize
stasis. Importantly, we demonstrate that EphB2 and one that modifier loci in the CD1 background contain sensi-
tive alleles that cannot compensate for the absence ofof these other proteins, AQP1, can form a stable com-
EphB2 and EphB3 expression in the vestibular system,plex in the cell. These data introduce a potentially new
while the alleles present in the 129 or B6 strains comple-molecular mechanism by which Eph receptors and
ment for the lack of receptor expression. In the schemeephrins are linked to the regulation of ionic composition,
envisioned here, a modifier gene could encode anotherparticularly in the production of endolymph fluid in the
Eph family receptor or ephrin that is required in a redun-
dant fashion with EphB2 and EphB3 for normal function
of the vestibular system. Indeed, mutations in the EphB3Table 3. Cross-Sectional Area of the Anterior Vertical Canal
gene act as a modifier by shifting the penetrance ofin EphB2 1 EphB3 Compound Mutants
EphB2-dependent circling from 61% to 100%. Another
Fold possibility is that the modifier encodes one of the anion
Structure B2/B2; B2/B3 B2/1; B3/B3 Reduction
exchangers or aquaporins we have identified, or a PDZ
Bony canal 6.63 (0.49) 34.20 (3.73) 5 domain protein. By performing genome-wide scans
Endolymph fluid 0.41 (0.06) 21.38 (1.88) 53 (Dietrich et al., 1992) and directly examining candidate
loci, we aim to eventually identify the gene productsThe cross-sectional area (in mm2) of the anterior vertical canals from
that lead to EphB2-dependent circling.six B2D/B2D; B3/B3 compound homozygous adult ears and six
B2D/1; B3/B3 control ears was determined. Measurements are pro-
vided for both the bony canal and for the endolymph-filled lumen Axon Guidance at the Midline
of the canal. The mean value for each class is provided with the We found that the initial movement of the contralateral
standard deviation in parentheses.
IEE growth cones toward the floor plate was delayed in
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Figure 7. EphB2 in the Epithelial Dark Cells of the Inner Ear
(A±D) Expression of EphB2 in the vestibular apparatus was visualized by staining dissected whole inner ears for EphB2-bgal activity at P21.
(A) shows a whole-mount of the utricle (U), anterior vertical canal (AVC), and horizontal canal (HC) dissected as one unit, while (B) shows a
close-up image of the AVC. For the canals, only the enlarged end of each duct (the ampullae) that contains the sensory structure (the cristae)
is shown; the majority of the looped portion of the ducts have been removed. EphB2 is specifically expressed to high levels in patches of
cells that border the cristae in the ampullae and the sensory structure of the utricle (the macula). No expression of EphB2 is detected in the
cristae (arrows) or the macula.
(C and D) Sections of EphB2-bgal-stained ears. Note that EphB2 is localized to the single-cell layer of dark cells (DC) within the vestibular
epithelium. Expression is not detected in the adjacent sensory epithelium as shown for the macula of the utricle (U) or the crista of the anterior
vertical canal (AVC). The close-up image in (D) shows that EphB2 expression is specific to the vestibular dark cells and does not label the
adjacent transitional cells (TC), hair cells (H), or support cells of the crista.
(E±H) Expression of ephrin-B2 in the vestibular apparatus was visualized by staining dissected whole inner ears of ephrin-B2lacZ mice for
ephrin-B2-bgal activity. Images are oriented and labeled as in (A)±(D) above. Like EphB2, ephrin-B2 is expressed in epithelial cells of the
utricle and ampullae. However, ephrin-B2 is not expressed in the dark cells but rather is localized to the sensory epithelium, where it labels
the supporting cells that surround the hair cells (H) and the transitional cells (TC) that form a border separating the hair cells from the dark
cells. The hair cells themselves did not express ephrin-B2. Scale bar for (A) and (E), 200 mm; (B) and (F), 100 mm; (C) and (G), 50 mm; (D) and
(H), 25 mm.
(I and J) Ultrastructural analysis of dark cells near the anterior vertical canal from an EphB2D/1; EphB3/EphB3 control mouse (I) and a circling
EphB2D/EphB2D; EphB3/EphB3 compound homozygote (J) at P21. Note that the infoldings of the basolateral membranes are compact and
closely juxtaposed in the control mouse. The basolateral membranes in mutant dark cells are only loosely associated and show severe
extracellular edema (bracket). The apical surface of the dark cells facing the endolymph-filled lumen also showed an accumulation of fluid-
filled vesicles in the mutants (asterisk). BM, basement membrane. Scale bar for (I) and (J), 2 mm.
EphB2 mutant embryos. Eventually, these commissural that the EphB2 cytoplasmic domain is important for their
guidance.axons were observed to enter the floor plate, however,
many of them then failed to extend laterally away from Although the ectopic axons projecting into the caudal
hindbrain were found in most mutant embryos at E13.5,the midline toward the contralateral ear. Instead, some
axons projected in an aberrant caudal direction down only some mutants showed such fibers at E14.5, and
none were found at birth. This suggests that the absencethe hindbrain along the ventral midline. Therefore, we
conclude that EphB2 and EphB3 are key players in the of EphB2 and EphB3 function may only cause a tempo-
rary delay and disorientation of the efferent axons. Inearly navigation of the contralateral IEE axons into and
across the midline. Since EphB2 is expressed in these addition to EphB2, the receptors EphB1, EphB6, and
EphA4 (and presumably EphB3) are all likely expressedaxons and the EphB2lacZ mutation caused the same path-
finding errors as the protein-null allele, the data indicate on the IEEs (see also KuÈ ry et al., 2000). Perhaps these
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Figure 8. PDZ Proteins Bind EphB2, Aqua-
porins, and Anion Exchangers
(A) The C-terminal tails of aquaporins and cat-
ion/anion exchangers were tested for their
ability to bind Pick-1 and Syntenin PDZ do-
mains in yeast. The molecules analyzed are
indicated along with the sequences of the
18-mer peptides used to test for binding. If
available, murine (m) sequences were used.
Otherwise, human (h) or rat (r) sequences
were selected. The ability of yeast to grow in
media lacking histidine and uracil is indicated
with a scale of three plus signs indicating the
strongest growth to a minus sign indicating
no growth. Examples of the growth charac-
teristics of each potential interaction are also
provided. These were obtained by spotting
equal numbers of yeast onto selective media
and allowing growth for three days at 308C.
Pick-1 interactions were spotted on the left
and those with Syntenin on the right.
(B and C) Biochemical analysis of PDZ,
EphB2, and AQP1 interactions.
(B) GST and GST-Pick-1-PDZ domain fusion
proteins were added to cell lysates prepared
from wild-type adult mouse kidneys, and
bound proteins were then immunoblotted
with anti-AQP1 antibodies. The GST-Pick-1-
PDZ domain specifically bound AQP1 as re-
vealed by the appearance of a sharp 28 kDa
band (arrow) and a diffuse series of bands
between 40 and 60 kDa that represent the
glycosylated forms of AQP1 (arrow with as-
terisk).
(C) Anti-EphB2 antibodies were added (lanes
3±6) to kidney cell lysates prepared from
wild-type (lanes 1, 3, and 5) and EphB2lacZ/
EphB2lacZ mutant (lanes 2, 4, and 6) adult mice.
Immunoprecipitated proteins were washed
five times in buffer containing 150 mM NaCl
(lanes 3 and 4) or 250 mM NaCl (lanes 5 and
6), and bound proteins were then immu-
noblotted with anti-AQP1 antibodies. The
whole-cell lysates (lanes 1 and 2) show that
AQP1 was present in the EphB2 mutant kid-
neys and provides the positions of the ungly-
cosylated (arrow) and glycosylated (arrow
with asterisk) forms of the water channel.
other Eph receptors eventually compensate for the lack than that utilized by the anterior commissure, as both
receptors and ligands can be detected in the IEEs andof EphB2 and EphB3 expression in the mutants and,
after a temporary delay, can provide the necessary sig- at the midline. Thus, both ªforwardº and ªreverseº com-
ponents of the Eph-ephrin bidirectional signal transduc-nal to direct the axons across the floor plate. The ligand
ephrin-B1 is also localized to these axons, and all three tion cascade may be utilized to guide these axons to-
ward and across the midline. Further complicating thisB-ephrins are coexpressed with EphB1, EphB2, and
EphA4 in the floor plate. This further suggests that a issue is the question of whether the ªforwardº signal is
mediated by EphB2 catalytic activity or by the EphB2complex interplay of Eph-ephrin signals are used to
guide the IEEs into and across the midline. C-terminal tail interacting with PDZ domain proteins.
The generation of specific mutations in EphB2 whereOur previous genetic studies indicated EphB2 func-
tions as a repellent at the midline of the ventral forebrain either the tyrosine kinase domain is selectively inacti-
vated or the PDZ binding site is destroyed should helpby sending ªreverseº signals into the B-ephrin ligand-
expressing axons forming the anterior commissure address this issue.
It remains to be determined whether the complex in-(Henkemeyer et al., 1996). Similarly, EphB2 in the ventral
retina appears to send a repulsive ªreverseº signal into teractions of Ephs and ephrins described here lead to
attractive or repellent effects on the IEE growth cones. ItB-ephrin-expressing dorsal retinal ganglion cell axons
to ensure they funnel into the optic disc (Birgbauer et is, however, tempting to speculate that repulsive signals
are at play here, especially with regard to the ectopical., 2000). Here, we find that a ªforwardº signal of EphB2
is used to guide the IEEs across the midline. However, caudal extensions that were observed at the ventral
midline (Figure 5). This phenotype is similar to what isthe mechanism(s) by which these axons cross the mid-
line appears significantly different and more complex observed in Slit mutant Drosophila embryos (Kidd et al.,
EphB2 Associates with Aquaporin Water Channels
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Figure 9. EphB2 and AQP1 Colocalize in the
Kidney Nephron
Cryostat sections of adult kidneys were dou-
ble labeled with affinity-purified antibodies
raised against EphB2 and AQP1 and viewed
with a confocal microscope in the region of
the proximal tubules. The merged images
show an overlap of both signals. Although
most proximal tubules coexpressed both
EphB2 and AQP1 (yellow signal in the merged
image), a subset of the tubules expressed
only one of the two molecules (white arrows).
1999). In both cases, commissural axons end up stuck different proteins, while Syntenin, which binds B-ephrins
but not EphB2, bound to only one of the 16 peptidesat the midline where they extend longitudinally, presum-
ably because they cannot respond to a repulsive signal tested, that of AE2. Even though Pick-1 had affinity for
a wider range of targets, it still showed selectivity in itsto push them away from the midline and toward the
contralateral side. binding and did require the C-terminal residue, as shown
for EphB2 (-Val). However, it is worth pointing out that no
clear consensus sequence for Pick-1 binding is readilyEphs and Ephrins in Vestibular Function
apparent. For instance, the C-terminal amino acid canOur finding that EphB2 mutant mice exhibit vestibular
be a valine, lysine, alanine, or methionine. Moreover, alldysfunction indicates that bidirectional signaling plays
three anion exchangers share the last three residuesa key role in this sense organ. Indeed, inspection of the
(MPV), even though only two peptides showed an inter-semicircular canals revealed a drastic reduction in the
action with Pick-1 (AE1 and AE2) and only one interactedendolymph-filled membranous ducts. The endolymph
with Syntenin (AE2). The AE3 peptide is functional, asvolume in mutants is just a small fraction of what it
this was the only exchanger that interacted with a novelshould normally be, and this likely impairs the ability of
protein we have identified that contains four PDZ do-the small amount of fluid produced to flow over the
mains (C. A. C. and M. H., unpublished data). Thus, evensensory hair cells, as has been proposed as the reason
though all anion exchangers share the same last threemice mutant for the IsK potassium channel also circle
residues, each shows a different selectivity for three(Vetter et al., 1996). As EphB2 was found to be specifi-
different PDZ domain proteins.cally expressed in the vestibular dark cells and the baso-
Anion exchangers are transporters that facilitate thelateral membranes of these cells appeared abnormal
transmembrane exchange of chloride for bicarbonatein the mutants with obvious extracellular edema, we
and are therefore important in pH regulation, bicarbon-conclude that this receptor plays a direct role in some
ate metabolism, and control of cell volume. These mole-aspect of endolymph production.
cules have intracellular N and C termini and 14 trans-Although our analysis focused mainly on the vestibular
membrane domains that form the anion channels. Theysystem, we were able to determine that EphB2 mutants
are known to be localized to the basolateral membranesare able to respond to a simple auditory test. In addition,
of epithelial cells and form a tetramer. Anion exchangerssections of the cochlea did not reveal any obvious ab-
are also thought to be able to provide structural linkagenormalities, and the size of the cochlear duct appeared
between the plasma membrane and the underlyingnormal (data not shown). Although the cochlear and
cytoskeleton (Jons and Drenckhahn, 1998). Other thanvestibular endolymph are connected, very little fluid is
AE2, there is not much data in the literature concerningexchanged between the auditory and vestibular laby-
the expression of these molecules in the inner ear. AE2,rinths as these two compartments are separated by
which binds both Pick-1 and Syntenin, is expressed insmall constrictions on both sides of the saccule. Keep-
hair cells of the utricle, saccule, and cristae ampullarising these two fluids separate has functional significance
(Stankovic et al., 1997). Moreover, very high levels ofas the endocochlear electric potential averages about
AE2 are found in transitional cells in the ampullae and1100 mV, while the vestibular potential is 120 mV or
in Deiter's cells and Claudius cells in the cochlea. Ourless. We did observe strong expression of EphB2 in the
data show that ephrin-B2 is also very highly expressedstrial marginal cells responsible for cochlear endolymph
in transitional cells (Figure 7) and in Deiter's and Clau-production. Perhaps other Eph receptors or ephrins ex-
dius cells (data not shown). The strong coexpression ofpressed in these cells compensate for the absence of
EphB2 (Bianchi and Gale, 1998; Bianchi and Liu, 1999). ephrin-B2 and AE2 in these cells is consistent with the
idea that Pick-1 and/or Syntenin may induce the cluster-
ing of B-ephrins with anion exchangers in the plasmaEph Receptors, PDZ Domains, and Proteins
membrane. Furthermore, as the EphA4 receptor is knownthat Regulate Ionic Homeostasis
to be expressed in vestibular hair cells (Rinkwitz-BrandtWe identified a number of transmembrane proteins im-
et al., 1996; Bianchi and Liu, 1999), it is possible thatplicated in the control of ionic homeostasis as being
these PDZ proteins may also lead to clustering of thisable to form protein±protein interactions with PDZ do-
receptor with AE2. Future biochemical studies will bemains that also recognize the C termini of EphB2 and
B-ephrins. Pick-1 was able to interact with a number of necessary to fully characterize the potential interactions
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Figure 10. Proposed Model Where EphB2,
Aquaporins, and Anion Exchangers Are Clus-
tered by Binding to the PDZ Domains of
Homo-oligomerized Pick-1 Molecules
of anion exchangers with PDZ domain proteins, Ephs, have been proposed to demarcate arteries from veins,
it is possible that AQP1 is also involved in mediatingand ephrins.
The Pick-1 PDZ domain was able to interact with three these activities, particularly in the capillaries where Eph-
ephrin signaling may be the most intense.aquaporins. Mammalian aquaporins are expressed in a
wide variety of secretory and resorptive epithelia and This report shows interactions of PDZ domains with
aquaporins and anion exchangers. While additional ex-function to mediate osmotically driven water fluxes
across the plasma membrane. Like anion exchangers, perimentation will be required to determine if Eph recep-
tors and ephrins function to regulate the activity or lo-aquaporins also have intracellular N and C termini and
form a tetramer at the cell membrane; however, they calization of aquaporins and anion exchangers, their
coexpression and ability to bind the same PDZ domain±have six transmembrane-spanning domains which com-
pose the water channel. Although AQP9 transcripts have containing proteins is consistent with this idea. More-
over, our ability to coimmunoprecipitate AQP1 withbeen detected in the brain (Tsukaguchi et al., 1998), its
expression in the ear has not been investigated. AQP1 EphB2 indicates that these proteins may be found in
one large complex within the cell (Figure 10). Since Ephsis known to be expressed throughout the inner ear (Beitz
et al., 1999) and AQP2 is expressed in the endolymphatic and ephrins are implicated in axonal guidance, it is pos-
sible that aquaporins and anion exchangers may alsosac (Kumagami et al., 1998; Beitz et al., 1999). Although
we do not detect EphB2 in the endolymphatic sac in function in the growth cone to help integrate the path-
finding information elicited by Eph-ephrin clustering andthe adult, it is expressed early in the developing endo-
lymphatic duct (Figure 1B; Henkemeyer et al., 1994). bidirectional signaling. If so, perhaps the growth cone
may respond to these highly localized changes in waterThe inner ear and kidney possess similar mechanisms
of fluid and electrolyte homeostasis. As aquaporins and transport or pH and become destabilized, leading to
axonal repulsion. Nevertheless, our data suggest thatanion exchangers are important for normal kidney func-
tion, it is possible that Eph receptors and ephrins also Eph-ephrin signals in the ear may play an important role
in regulating endolymph production by interacting withhave roles in the renal system. Our ability to coimmuno-
precipitate and colocalize AQP1 with EphB2 in the proxi- aquaporins and anion exchangers through a molecular
bridge formed by Pick-1 and Syntenin.mal tubule provides strong evidence for this idea. It is
also possible that in addition to functions in the ear and
nephron, Ephs, ephrins, PDZ proteins, aquaporins, and
Experimental Proceduresanion exchangers may all work together in other epithe-
lial cells where they are coexpressed. Of particular inter- EphB2 and EphB3 Mutations
est are endothelial cells, which utilize Eph-ephrin signal- The generation of EphB2D, EphB2lacZ, and EphB3 mutations has
been described (Henkemeyer et al., 1996; Orioli et al., 1996). Elevening in the developing embryo (Wang et al., 1998; Adams
consecutive backcrosses to the CD1 strain and eight to the B6 strainet al., 1999) and in the renal vasculature (Takahashi et
have been performed to move the mutations into z99.95% CD1al., 1998). AQP1 is also expressed in the embryonic and
and 99.6% B6 backgrounds. Most of the CD1 and B6 animals usedneonate renal vasculature, where it is localized through-
in this study were from backcross generations five to nine. Circling
out the arterial portion (Kim et al., 1999), and it is abun- in the EphB2 single and EphB2 1 EphB3 compound mutants can
dant in the capillary endothelia of diverse tissues in the first be observed as soon as the pups are old enough to walk and
continues into adulthood.adult (Nielsen et al., 1993). As Eph receptors and ephrins
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